 In depth response surface analysis was done for scCO 2 extraction of H. pluvialis.  Ethanol content in CO 2 was the only significant factor over pressure and temperature in astaxanthin extraction and antioxidant activity of the extracts.  We investigated a further increase in ethanol content up to a region of Gas-expanded liquids.  CO 2 -expanded ethanol (CXE) surpassed scCO 2 extractions to match conventional extraction, maintaining high quality extracts.  CXE extraction is revealing as an appropriate new green extraction technology for high value compounds derived from microalgae. 
and easier access to basic nutrients (in aquatic environments) [1] . Initial widespread interest in 5 microalgae was related to the production of biofuels, but they can also synthesize a wide range of 6 unique, higher-value substances that can be used in pharmaceuticals, cosmetics, and foods [2-4]. 7 Haematococcus pluvialis is a microalgae that accumulates large amounts of astaxanthin, a potent natural 8 antioxidant [5] . This xanthophyll can be used as a food coloring agent in aquaculture [6] and as an 9 antioxidant in human nutrition [7, 8] . Astaxanthin has an antioxidant activity ten times higher than other 10 carotenoids such as zeaxanthin, lutein, and β-carotene, and over 500 times greater than tocopherol 11 [5, 9, 10] . There is growing evidence gathered by both in vitro and in vivo studies, that astaxanthin has the 12 potential to be a health-promoting agent in the prevention and treatment of free-radical associated 13 diseases such as oral, skin, liver, and gastrointestinal cancers; degenerative ailments such as Parkinson's 14 and Alzheimer's diseases; chronic inflammatory diseases; metabolic disorders such as diabetes; and 15 cardiovascular diseases [8, [11] [12] [13] . 16 The increasing legislative restrictions on the presence of organic solvents in food products [14] coupled 17 to their negative effects on the nutritional and functional properties of compounds such as carotenoids 18 [15, 16] have driven the search for -greener‖ alternatives than hexane, which is commonly used to 19 extract valuable lipophilic compounds from microalgae. High-pressure extractions using supercritical 20 and pressurized fluids have emerged as an alternative to normal pressure extractions using conventional 21 organic solvents. These high-pressure processes can reduce the demand of food grade solvents, increase 22 the selectivity towards valuable bioactive compounds, and preserve their bioactivity [17] . The for the extraction of natural compounds [17] [18] [19] . 3 Carbon dioxide (CO 2 ) at supercritical conditions has been already used to extract astaxanthin from 4
Haematococcus pluvialis (Table 1) . Because cells must be disrupted to extract astaxanthin from the 5 microalgae cyst [20, 21] , which has a tough cell wall [27] , most studies in Table 1 respectively, leading to six experimental combinations which were done in duplicates. Extract samples 8 in CXE extraction were collected in 50 mL Falcons. 
Analyses

10
A conventional acetone extraction was performed to determine the total extractable compounds in H. 
A second-order polynomial equation was used to express the response variable Z as a function of the 6 independent dimensionless variables X 1 , X 2 , an X 3 , using Eq. (2): Figure 1 shows the chromatographic profile of the extract obtained by HPLC.
18
As expected, most of the carotenoids (95 ± 2% w/w) corresponded to different forms (free, mono-, and (Table 4) . This is illustrated for extraction yield, as follows: Eq (3) was obtained using this 2 procedure and is written in term of coded variables (Eq. (1a)-(1c)), . Therefore, the surface plot is flatter when moving along an axis for pressure changes than an 15 axis for changes in ethanol content. Moreover, the absence of any other term dependent on temperature 16 indicates an optimal at the midpoint value experimentally studied (55 ºC). These features are 17 exemplified in Fig. 2A , which is positive). Eq. (4) shows that the only term dependent on temperature that affects 8 astaxanthin content is the negative P-E interaction ( coefficient). Hence, the positive effect of 9 pressure on this response starts decreasing as temperature increases for the entire experimental region. broader experimental range than our study, therefore it can explain the difference with our P-T 1 interaction term. Furthermore, our study included ethanol modified CO 2 and its presences can reduce the 2 contribution interaction terms such as P-T.
3
As with previous responses, Eq. (5) was obtained applying the stepwise procedure to eliminate least 4 significant terms from the equation describing the effect of the independent variables on antioxidant 5 activity (response surface for TEAC) of the extract.
7 Table 4 shows that Eq. (5) at the midpoint value experimentally studied (55 ºC).
22
As a way to validate our models it was estimated the astaxanthin recovery from the predicted values of reasonable to explore the experimental region considering ethanol content above 13% and low pressures.
10
This selection was also supported by previous data obtained by Santoyo, et al (2009) [30] and Jaime, et and using less amount of organic solvent (compared to PLE). Therefore, to carry out the present study, a 14 low pressure was selected (7 MPa), lower than the critical pressure of CO 2 (7.38 MPa). Also, three 15 levels of temperature were chosen: 30ºC (low), 45ºC (moderate) and 60ºC (high). On the other hand, 16 since results obtained by Golmakani et al. [35] demonstrated that extraction rate increased when using 17 ethanol content up to 50%, it was decided to explore further ethanol content by selecting CO 2 -expanded 18 70% (w/w) ethanol and compare it to CO 2 -expanded 50% (w/w) ethanol. By observing Figure 4A , as temperature increases so does the extraction yield for both groups (CO 2 -7 expanded 50% and 70% w/w ethanol). As expected, as temperature rises so does the extraction kinetics.
8
Since there is non-significant ( ) difference between both groups, a mean average was obtained 9 from the results and a linear regression was applied and plotted in Figure 4A . Unlike extraction yield, 10 the temperature related behavior is not replicated in the astaxanthin content ( Figure 4B ). There is a It is important to highlight the important dependence of antioxidant activity with astaxanthin content; as 9 can be seen in Figure 5 , the TEAC value increases as astaxanthin content does. This trend is followed 10 independently on the type of extraction process applied (supercritical fluid extractions (SFE) and CXE).
11
Nevertheless, trend line does not pass through the origin, which suggests astaxanthin is not the single 12 contributor to this antioxidant activity. Coupled with the observation that all xanthophylls and 13 xanthophyll-esters in H. pluvialis were jointly extracted in our experiments, the trend line in Figure 5 14 means this microalgae contains additional bioactive compounds (other than carotenoids) that can be 15 extracted using ethanol-modified CO 2 or CO 2 -expanded ethanol that are not necessarily carotenoids. 16 Goiris et al [41] suggest that phenolics contribute also to the antioxidant activity of several microalgae 17 including H. pluvialis.
18
In conclusion, carbon dioxide expanded extractions (CXE) are suitable for fast and efficient withdrawal 19 of high quality (both composition and antioxidant activity) H. pluvialis extracts. By comparing the best 20 result obtained in the present work (124.2% recovery) with previous reported data (see Table 1 .050
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